Development of accurate and fast advanced statistical and dynamical nonlinear models of ocean surface waves, based on first physical principles, which will improve and accelerate both long term ocean surface wave turbulence forecasts and prediction of strongly coherent events, such as freak waves and wave-breakings.
and self-similar behavior both in experimental observations and numerical simulation as well
• We propose new framework for simulation of Hasselmann equation based on exact nonlinear interaction term in Webb-Resio-Tracy (WRT) form, new wind input term and wave-breaking damping localized in high wave-numbers
• We found that majority of field and wave tank experimental data can be explained in terms of self-similar solution of the Hasselmann kinetic equation. The self-similarity explains persistence of the "magic links" connecting indices of energy and mean frequency dependencies in fetch-and duration-limited setups
• We analyzed proposed alternative framework for HE simulation through massive numerical experiments of Hasselmann equation and found that they reproduce more than a dozen of field experiments
• Based on the idea of nonlinearity domination and self-similarity, we developed the set of tests allowing separating physically based wind input terms from non-physical ones
• We show that central role of self-similar regimes explains very simple "universality of the wind-driven sea", connecting average steepness, frequency of the spectral peak and fetch. This universality is observed in majority of field and wave tank experiments. This is strong confirmation of our basic concepts
• We propose and compare with the original exact 1D Euler dynamical equation its cost-effective simplification
• We analyze relation of modulational instability and coherent events such as solitons and freak waves
• We study the peculiarities of breaking waves and air flow interaction, allowing to understand air structures formation and their influence on surface waves
RESULTS

Alternative framework for Hasselmann equation simulation
It is generally accepted nowadays that ocean surface wave turbulence is described by Hasselmann equation ( While this acceptance implicitly assumes that HE is some sort of mathematical reduction of primordial Euler equations for incompressible fluid with free surface, it is true, in fact, only for advection
and four-wave interaction nl S terms.
As far as concerns in S and diss S terms, there is no consensus in the worldwide oceanographic community about their parameterization. To our belief, it is the one of the reasons, indeed, for "tuning knobs" (adjusting coefficients) necessity in operational models for their adjustment to changing ocean situations.
Another reason for using "tuning knobs" is underestimation of the leading role of nl S . In other words, the role of the "tuning knobs" also consists in "undoing" the deformation incurred to the model through substituting of the exact nl S nonlinear term with DIA-like simplifications. . While we believe that this approach is the most relevant, the self-consistent derivation of in S in the framework of this approach is hampered by the lack of information about fine structure of turbulent atmospheric boundary layer near the sea surface.
A systematic experimental study of this structure has just been started (see, for instance, the remarkable article [R9]). Experimental data about in S are scarce. Moreover, in some cases experiments interpretation could be seriously criticized. 
which is, in fact, the linear part, or just two terms of the energy balance HE:
In this approach advection
and nonlinear nl S terms of HE are absent. Why are those terms neglected? Why, if this absence is justified, so many efforts were spent to improve the numerical simulation of nonlinear term nl S ? Wouldn't it be easier just to solve analytically the linear Eq. (1)?
Perhaps, some members of oceanographic community believe that equalization of the t ∂ ∂ε and γε terms in the balance equation (2) could be justified by the fact that the leading term in the equation is defined by conservative (in a sense of wave action, not energy and momentum) relationship
Such equalization of two small terms in presence of two big ones is a not a good practice, in our opinion.
In a sense, the above author's stance is understandable, since the measurements of neither advection Two scenarios of wave-breaking dissipation term diss S : spectral peak or high-frequency domination?
In current section we explain why there is no need to use dissipation in the spectral peak area.
The spectral peak frequency damping is widely accepted practice, and is included as an option in the operational models WAM, SWAN and WAVEWATCH. Historically, it was apparently done by need.
Consider, for example, Snyder's version of in S , which is no better justified then others, but for no clear reason is more popular. We tested Snyder's version of in S in our model and found that it is too strong (will be shown below), since it leads to the wave energy levels exceeding experimentally observable by several times. Obviously, to get acceptable energy levels, one had to add extra low-frequency damping, and that was apparently the reason for including damping in the spectral peak area. Now let us proceed with the discussion of high-frequency dissipation function as possibly the most correct choice. Traditionally, it is usually argued that experimental observations [R3], [R4] confirm that wave breaking of dominant waves is associated with energy loss near spectral peak. Here we explain why the energy loss in spectral peak vicinity does not necessary mean that damping is present in the spectral peak vicinity.
Wave-breaking is one-dimensional event in real space. First notice that analytical theory of such events is not developed yet. In out opinion, this theory can be based on the following fact: primordial Euler equations for potential flow of deep fluid with free surface has the self-similar solution
This solution was studied numerically in the framework of simplified MMT (Maida-MacLaughlinTabak) model of Euler equations [R23].
In Fourier space this solution describes the propagation to high wave-numbers and returning back to dominant wave spectral peak of fat spectral energy tail, corresponding in real space to sharp wedge formation at 0 = t and space point 0 = x . This solution describes formation of the "breaker".
In the absence of dissipation, this event is invertible in time. Presence of high-frequency dissipation chops off the end of the tail, just like "cigar cutter", and violates the tail's invertability. Low and high harmonics, however, are strongly coupled in this event due to strong nonlinear non-local interaction, and deformed high wave-numbers tail is almost immediately returns to the area of spectral peak. As soon as fat spectral tail return to the area of the spectral peak, total energy in the spectrum diminishes, which causes settling of the spectral peak at lower level of energy. This process of "shooting" of the spectral tail toward high wave-numbers, and its returning back due to wave breaking is the real reason of "sagging down" of the energy profile in the spectral peak area, but was erroneously associated with the presence of the damping in the area of spectral peak.
This explanation shows that individual wave-breakings studies [R3], [R4] are not the proof of spectral peak damping presence.
Also there is another, direct proof of the fact that damping is localized in the area of short waves. It is the measurements of quazi-one-dimensional "breakers" speed propagation --strips of foam, which accompany any developed wave turbulence. Replacement of high-frequency spectrum part by Phillips law is not our invention. It is the standard tool offered as an option in operational wave forecasting models, known as the "parametric tail", and corresponds to high-frequency dissipation, indeed. For the practical definition of Phillips tail it's necessary to know two more parameters: coefficient in front of it and starting frequency. The coefficient in front of 5 − ω is unknown, but is unnecessary to be known in the explicit form -it is dynamically defined from the continuity condition of the spectrum. As far as concerns another unknown parameter -the frequency where Phillips spectrum starts -we define it as . That is the way the high frequency implicit damping is incorporated into alternative computational framework of HE.
We think that the question of finer details of high-frequency damping structure is of secondary importance at current stage of alternative framework development.
Checking of the new modeling framework against theoretical predictions and experimental results
To check alternative framework for HE simulation, we performed numerical tests for waves excitation in limited fetch conditions using alternative framework. As it was already mentioned, alternative framework is based on exact nonlinear term nl S in WRT form and ZRP new wind input term in S in the form of Eqs. (8) has the tendency to grow, which qualitatively corresponds to the "inverse cascade" KolmogorovZakharov index -11/3. We conclude that alternative framework of HE simulation reproduces the following analytical features of HE:
• Self-similar solutions with correct exponents • Kolmogorov-Zakharov spectra Tests for separation of trustworthy wind input terms in S from non-physical ones.
As it was already discussed, nowadays there are plenty of historically developed wind input terms. Analysis of nonlinear properties of HE in the form of specific self-similar solutions and KolmogorovZakharov law for direct energy cascade allows us to propose set of test, which would allow separation of physically justified wind-input terms in S from non-physical ones.
As such, we propose:
• checking powers of observed energy and mean frequency dependencies along the fetch versus predicted by self-similar solutions
• checking the "magic relations" Eq.(4) between exponents p and q of observed energy and frequency dependencies along the fetch
• checking exponents of directional spectral energy dependencies versus Kolmogorov-Zakharov exponent -4
We applied such tests to several popular wind input terms in fetch limited statement within alternative framework:
Test of Chalikov form of in S Fig.5 shows that total energy growth along the fetch significantly exceeds observed in ZRP simulation, and doesn't have correct value of exponent p=1.0 One can see that similar to ZRP case we observe:
• the spectral maximum area Fig.11 shows log-log derivative of the energy curve from Fig.9 , which corresponds to the exponent of the local power law. Again, one can see the areas corresponding KolmogorovZakharov index -4 and Phillips index -5. The value of the index to the left side of -4 has a tendency to grow, which qualitatively corresponds to the "inverse cascade" Kolmogorov-Zakharov index -11/3. Fig.15 shows log-log derivative of the energy curve from Fig.13 , which corresponds to the exponent of the local power law. Again, one can see the areas corresponding KolmogorovZakharov index -4 and Phillips index -5. The value of the index to the left side off -4 has the tendency to grow, which qualitatively corresponds to the "inverse cascade" Kolmogorov-Zakharov index -11/3. 
Summary of testing for different wind input terms
We applied set of nonlinear tests to different kinds of wind input terms and there are several conclusions we can make:
1. ZRP forcing term perfectly satisfies theoretical criteria like Kolmogorov-Zakharov spectrum 4 − ω , self-similar solutions with exponents p=1 and q=3, "magic relation" 10p-2q=1 and more than a dozen of real experiments, see Eqs. (3)- (7) and Table 1 . Therefore, it can serve as a benchmark. 2. All wind input terms pass the test for presence of Kolmogorov-Zakharov law 4 − ω 3. WAM3 case fails to pass all the tests except test #2 4. Chalikov case fails p and q test, but passes "magic relation" test (quazi-self-similarity) 5. Snyder case "approximately" passes p-and q-test and the "magic relation" one.
In a nutshell, the nonlinearity influence is so strong in the dynamics of HE that one can't "spoil" Kolmogorov-Zakharov law 4 − ω for any tested wind input term in S . Self-similarity tests like p-and qtests are more sophisticated one. And "magic relation" test is probably somewhere in-between versus detection of the "quality" of particular wind input term.
Universality of wind-wave growth
Nowadays, studies of wind-driven sea waves are usually focused on wind forcing rather than on the effect of inherent nonlinear wave dynamics. We propose a simple relationship between instant wave steepness and time or fetch of wave development expressed in wave periods or lengths The law Eq. (9) does not contain wind-sea interaction parameters explicitly and relies upon asymptotic theory where wave nonlinearity is assumed to be a leading physical mechanism. The validity of this law is illustrated by results of numerical simulations of growing wind seas. 
Numerical studies of wave growth for duration-limited setup
Numerical studies of wave growth for fetch-limited setup
This case has been considered in terms of dimensionless dependencies of wave height on wave period. Within the proposed approach that does not rely upon wind parameters and dimensionless variables can be introduced as follows for duration-
and fetch-limited setups
Simulations of the fetch-limited growth have been carried out by A. Pushkarev (Zakharov, Pushkarev 2012) and used considered evolution of wave spectra both in time and space. Thus, the proposed theoretical law Eq. (9) is verified in an extensive numerical study and provides the tool for diagnosis of wind wave growth.
Comparison of compact equation for surface waves with fully nonlinear equations
We compare applicability of the recently derived compact equation for surface waves with the fully nonlinear equations. Strongly nonlinear phenomena, namely modulational instability and breathers with the steepness 0.4 ≈ µ are compared in numerical simulations using both models.
For the fully nonlinear model we have chosen free surface equation written in the conformal variables,
Now U and B are the following:
So, these exact Eqs. (14) give us reference solutions to compare with.
For the approximate model we used compact equations derived in [R37], [R38] : 
Here Ĥ -is Hilbert transformation with eigenvalue ) (k isign .
Modulational instability of wave train
We performed numerical simulation of the modulational instability of the homogeneous wavetrain in the framework of compact Eq. 
Breathers
We have also performed simulations of narrow breathers both in the framework of fully nonlinear conformal Eq.(14) and compact Eq.(15). Here we present pictures of the steepness of the surface of the fluid: We have demonstrated that compact equation, although approximate, quantitatively describes strongly nonlinear phenomena at the surface of potential fluid. We also have studied especially nonlinear stage of modulational instability up to the freak-wave formation and propagation of very steep breather.
Modulational instability and coherent event for surface waves. Air-surface interaction.
The research has dealt mainly with different aspects of nonlinear waves relevant to understanding of ocean wave dynamics. It is well known that shallow water is stable in particular at kh<1.36 where k is the wave number and h is the water depth --modulational instability cannot take place in these conditions. However, it has been shown in [P3] that two waves propagating in shallow water at different angles can be unstable to long wave modulations. Analytical solutions of the coupled nonlinear Schrödinger equation are reported and discussed in [P3]. This family of solutions includes bright-dark and dark-dark rogue waves. The link between modulational instability (MI) and rogue waves is displayed by showing that only a peculiar kind of MI, namely baseband MI, can sustain rogue-wave formation. The existence of vector rogue waves in the defocusing regime is expected to be a crucial progress in explaining extreme waves in a variety of physical scenarios described by multicomponent systems, from oceanography to optics and plasma physics.
Coherent structures in shallow water are studied in paper [P4] . Within a number of approximations, the dynamics of surface gravity water waves in finite depth can be described by self-defocusing nonlinear Schrodinger equation. It is well known that dark solitons are exact solutions of such equation. In the present paper it has been shown that gray solitons can be produced in the wave tank experiments.
Air-water interaction phenomena taking place during the breaking of ocean waves are investigated in [P5] . The study is carried out by exploiting the combination between potential flow method, which is used to describe the evolution of the wave system up to the onset of the modulational instability, and two-fluid Navier-Stokes solver which describes strongly non-linear air-water interaction taking place during breaking events. The potential flow method is based on fully non-linear mixed EulerianLagrangian approach, whereas the two-fluid model uses a level-set method for the interface capturing. The method is applied to study the evolution of a modulated wave train composed by a fundamental wave component with two side band disturbances. It is shown that breaking occurs when the initial steepness exceed threshold value. Typical wave breaking events are shown on Fig.23 . Once the breaking starts, it is not just a single event, but it is recurrent with a period associated to the group velocity. Results are presented in terms of free surface shapes, velocity and vorticity fields, energy and viscous dissipation. The analysis reveals the formation of large vortex structures in the air domain, which are originated by the separation of the air flow at the crest of the breaking wave. This forms drag associated with the flow separation process and significantly contributes to the dissipation of the energy content of the wave system. Paper [P6] is an interdisciplinary paper where some properties of the nonlinear energy transfer are observed in numerical computations of Nonlinear Schrodinger equation, and in the optical fibers experiments. In particular it has been shown that the phenomenon of intermittency takes place also in integrable systems. This is a very important result that can be used to understand statistical properties of small scales ocean waves.
IMPACT/APPLICATIONS
• Improvement of the quality of operational wave forecasting programs.
• Better understanding the nonlinear ocean surface wave dynamics
• Creation of simplified models of nonlinear surface waves
• Better understanding of ocean waves -airflow interaction
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